In order to investigate the effects of the airfoil-probes on the aerodynamic performance of an axial compressor, a numerical simulation of 3D flow field is performed in a 1.5-stage axial compressor with airfoil-probes installed at the stator leading-edge (LE). The airfoil-probes have a negative influence on the compressor aerodynamic performance at all operating points. A streamwise vortex is induced by the airfoil-probe along both sides of the blade. At the mid-operating point, the vortex is notable along the pressure side and is relatively small along the suction side (SS). At the near-stall point, the vortex is slightly suppressed in the pressure surface (PS), but becomes remarkable in the suction side. A small local-separation is induced by the interactions between the vortex and the end-wall boundary layer in the corner region near the hub. That the positive pitch angle of the airfoil-probe at 6.5 span is about 15° plays an important role in the vortex evolution near the hub, which causes the fact that the airfoil-probe near the hub has the largest effects among the four airfoil-probes. In order to get a further understanding of the vortex evolution in the stator in the numerical simulation, a flow visualization experiment in a water tunnel is performed. The flow visualization results give a deep insight into the evolution of the vortex induced by the airfoil-probe.
Introduction 1
An airfoil-probe or a stator leading-edge (LE) Kiel probe is a very important measurement technique in an aeroengine compressor experiment. Since the 1970s, the airfoil-probe has been applied to aeroengine compressor test [1] . It is often installed at the leading-edge of a stator in a compressor to measure the spanwise distributions of the total temperature and the total pressure at an outlet of the rotor passage [2] [3] [4] [5] [6] [7] [8] . However, the geometry of the blade profile is changed necessarily by the airfoil-probe installed at the leading-edage of the stator, and the flow structure in the vicinity of the leading-edge as well as downstream, even upstream, must be disturbed. The influence may be more evident especially when the flow is compressible in a transonic compressor. Moreover, few researches of the effects of airfoil-probes on compressor performances have been published.
Xiang, et al. [9] carried out an experimental investigation on the effects of the airfoil-probes on the compressor performance. The results validate that the airfoil-probes have a negative influence on the compressor aerodynamic performance at both design and off-design operating points. Luo [10] performed a 3D numerical simulation in a compressor with an airfoil-probe installed at the leading-edge of the stator. The results indicate that the blade loading distribution is obviously changed at the spanwise location of stator with the airfoil-probe.
A series of experimental investigations and numerical simulations [11] [12] [13] had been carried out to evaluate the losses induced by different types of airfoil-probes in a plane cascade. In order to reveal its flow mechanism, the numerical simulation is performed in a transonic axial compressor. In addition, using a flow visualization technique the flow field near an airfoil-probe in a cascade can be observed in a water tunnel.
Numerical Method
The compressor consists of Rotor 1 (R 1 ), Stator 1 (S 1 ) and Rotor 2 (R 2 ). The design rotor speed is 11 000 r/min. The number of the blades in each row is respectively 24, 49 and 37. The airfoil-probes are installed at eight stators around the blade row. Four airfoil-probes are radially mounted at the leading-edge of a stator as shown in Fig. 1 . The spanwise positions of the four airfoil-probes are respectively 6.5 , 36 , 75 and 96.4 spans. The pitch angle of the airfoil-probe at 6.5 span is about 15° and the other three airfoil-probes is about 0°. Figure 2 shows the structure of the Kiel head of the airfoil-probes. The length of the airfoil-probe head is 7 mm and the diameter D is 2.5 mm. The blockage ratio of the airfoil-probes is about 0.05 at the stator inlet. Figures 2(b)-2(c) indicate that the blade thickness of the leading-edge increases from hub to tip. The axis of the airfoil-probe is almost in alignment with the blade pressure surface (PS). A backward-step exists in the pressure side. In the suction side (SS), the backward-step is smaller and does not exist at the blade tip. The transducer-wire tubes of the airfoil-probes are half-embedded in the stator PS as shown in Fig. 2(a) . In order to simplify the grid generation, the influence of the tubes is neglected and the cylinder probes are considered as solid.
In order to decrease the mesh number, the stator number is reduced to 48. The computational domain of the stator row includes five stators without airfoil-probes and one stator with four airfoil-probes shown in Fig. 3(a) . The number of the blades in the baseline compressor (BC) is the same as that of the 1.5-stage compressor with airfoil-probes (CAP).
The grid topology is H-O, the mainstream direction is H-mesh and the boundary layer mesh around the blade is O-topology. The average y + of the end-wall and the blade surface is about 20, which can meet the requirement of the scalable wall functions in the k-İ turbulence model chosen in the numerical simulation. The total mesh numbers of CAP and BC are respectively 2 700 000 and 850 000. More details about the mesh number distribution are shown in Table 1 . Figure  3 The steady-state 3D flow field is simulated using the CFX code to solve the viscous Reynolds-averaged Navier-Stokes equations with the time pursuing finite volume method. A mixing-plane approach is used to simulate the rotor/stator interaction. The total pressure and stagnation temperature are respectively 101 325 Pa and 288.15 K given as the inlet boundary conditions. The outlet boundary condition is given as the average static pressure.
Experimental Facility
The flow visualization was carried out in a water tunnel. The cascade consists of four NACA65-0010 blades as shown in Fig. 4 . An airfoil-probe is installed at the leading-edge of the blade. The airfoil-probe is proportionally enlarged with a ratio of the cascade chord to the stator chord at 50 span.
The cascade chord is 250 mm, with an aspect ratio of 0.42. The blade height is 150 mm and the pitch is Two cases were investigated. Case 1 in which the pitch angle of the airfoil-probe is 0° simulates the stator flow field at 36 , 75 and 96.4 spans. Case 2 with 15° pitch angle simulates the flow field at 6.5 span. As the incidence angle at the stator inlet is usually negative at the stable-operating point in a compressor, experiments were performed at two incidence angles, i=9° and 4°. Figure 5 shows the compressor characteristic maps of the CAP and the BC at 80 rotor speed. The total pressure ratio, the adiabatic efficiency and the mass flow are respectively normalized by design total pressure ratio, design efficiency and choke mass flow.
Results and Discussion

Compressor characteristics
The total pressure ratio and adiabatic efficiency decrease at all operating point when the airfoil-probes are installed at the stator leading-edge as shown in Fig. 5 . The choke mass flow of CAP is reduced by 0.11 , which indicates the flow capacity is not greatly influenced by the airfoil-probes at the choke operating point. Total pressure ratio and adiabatic efficiency respectively decrease by about 0.2 and 0.4 in the vicinity of mid-operating point "A". The adiabatic-efficiency decrease is almost the same between the point "A" and the peak point as seen in Fig. 5(b) .
A series of the experimental investigations had been carried out in the past [9] . The results indicate that the peak efficiency decrease by about 1.1 at 80 rotor speed when 42 airfoil-probes are installed at the stator leading-edge in a 3-stage transonic compressor. In this paper, the 1.5-stage compressor is a part of this 3-stage transonic compressor, 32 airfoil-probes are installed at the stator leading-edge and the tubes of the airfoil-probes are neglected. Considering these factors, the peak efficiency decrease of 0.4 , which is less than 1.1 , should be reasonable. Because the stall point cannot be determined accurately by the numerical simulation, it is hard to evaluate the effects of the airfoil-probes on the stall mass flow.
Stator flow field
Figure 6(a) shows the contours of Mach number Ma at 6.5 span in the stator without airfoil-probes at a mid-operating point. The blade wake is narrow and the boundary layer is not very thick on the suction surface (SS) near the trailing-edge (TE). Figure 6(b) shows the contours of Ma at 6.5 span in the stator with airfoil-probes. The flow field is obviously disturbed by the airfoil-probes. The vicinity of blade surface is surrounded by the low velocity flow which is induced by the airfoil-probe. It can be observed that the influence of the low velocity flow is increasing from the leading-edge to trailing-edge to along both sides of the blade. The influence of the low velocity flow is limited to a finite region near the blade surface, which does not affect the neighboring blade passage evidently, compared with Fig. 6 (a) .
At the near-stall operating point, the incidence angle in the stator inlet becomes larger. Therefore, the low velocity flow is suppressed in the PS and it becomes significantly large in the SS as shown in Fig. 7(a) .
The closer to the tip, the smaller the influence of airfoil-probe on stator flow-field is. Compared with Fig. 7(a), Fig. 7(b) shows the influence of the low velocity flow decreases evidently at 75 span, especially along the SS. Figure 10 shows the contour of the axial vorticity along streamwise direction in the stator at the midoperating point. The low velocity flow induced by the airfoil-probe is a streamwise vortex which consists of a pair of contra-rotating vortex.
Vortex evolvement
The left plot of Fig. 10 indicates the vortex development in the SS, which is observed from the upstream of the stator. The influence of the four airfoil-probes decreases from the hub to the tip. The vorticity of the vortex decreases along stream wise direction, while the influence of the vortex is increasing. The local separation marked with circle can be observed from the plot in the corner-region near the hub, which is induced by the interaction between the streamwise vortex and the end-wall boundary layer.
The right plot of Fig. 10 shows the vortex evolution along the PS. The influence of airfoil-probe near the hub is the largest among four airfoil-probes. The vorticity is decreasing along streamwise direction, while the influence of the airfoil-probe is increasing. Therefore, the vortex developments are the same in both PS and SS. In addition, the plot also shows the obvious interactions between the vortex and end-wall boundary layer near the tip. Figure 11 shows the streamwise vortex evolvement along the PS in Case 1 at i=9°. The vortex induced by the airfoil-probe is symmetrical on the 50 span from leading-edge to 10 chord as shown in Figs. 11(a)-11(c). Two pairs of vortices can be obviously observed at 10 chord. One is the streamwise vortex which is formed by the leakage flow. The leakage flow mentioned here means the flow pass through the corner region between the blade and the airfoil-probe as indicated in Fig. 11(a) . The other one is a pair of backward vortex. The trajectory of these two pairs of vortices can be observed clearly in Fig. 12 .
The streamwise vortex is no longer symmetrical on the 50 span and the unsteady vortex-shedding is formed by the airfoil-probe at downstream 10 chord from the trailing-edge as shown in Figs. 11(d)-11(h) , which correspond to Figs. 8-9 . With the vortex development along streamwise direction, the mixing between the vortex and the mainstream increases and becomes more violent. The water-color is widely distributed, indicating that the influence of the vortex becomes egregious and it is almost four times the probe diameter in the spanwise direction at the cascade exit Figures 13 shows the flow visualization results in Case 2 at i=9°. The vortex evolvement along the streamwise direction as shown in Fig. 13 is different from that shown in Fig. 11 . The vortex is no longer symmetrical on the 50 span at upstream 10 chord. Fig. 13(c) shows that a pair of contra-rotating vortex exists above the airfoil-probe at 10 chord. The left vortex is induced by the leakage-flow in the corner region between the airfoil-probe and the blade. The other vortex in the right is induced by the probe head as shown in Figs. 13(a)-13(c) . Figure 14 shows clearly the initial location and the trajectory of the contra-rotating vortices. In addition, a backflow vortex exists in the backward-step region as shown in Figs. 13(c)-13(d) , which is not symmetrical on the 50 Figure 15 shows the contours of the axial vorticity near the hub in the stator at the near-stall operating point. The axial vorticity of the vortex is decreasing and the scale of the vortex is increasing along the streamwise direction. The vortices along the PS or SS consist of two contra-rotating streamwise vortices. One is evidently larger than the other. Figure 15 also indicates that the vortex is slightly suppressed in the PS and becomes large in the SS. Figure 15 (a) presents the streamwise vortices along the PS. An obvious separation exists above the airfoil-probe where the absolute value of the axial vorticity is relative large. A backflow-vortex exists in backward-step and its trajectory is marked with streamlines. The streamlines are wrapped together in the downstream of vortices. The local separation exists in the corner region whatever at mid-operating point or near-stall point as shown in Fig. 10 and Fig. 15(b) . Compared with Fig.  16(a) , the influence of the local separation is obviously enlarged at the near-stall operating point as shown in Fig. 16(b) . The axis of airfoil-probe is not in alignment with the flow direction and the pitch angle is about 15°, which should be the main factor that the airfoil-probe near the hub has the largest effects among the four airfoil-probes. Fig. 17 shows that the vortex is obviously suppressed as the incidence angle increases. However, the structure of the vortices does not change. A pair of vortices exists above the airfoil-probe and the backflow vortex is located in the backward-step region, which also can be observed from the numerical results as shown in Fig. 15(a) . 
Wakes of the vortex
The total pressure ratio contours show that the vortex near the hub is evidently larger than the other three vortices as shown in Fig. 18 . The plot also shows that the local separation exists in the corner region. Comparatively speaking, the influence of airfoil-probes has limited effects on the whole stator-passage.
The R 1 tip separation causes a large separation in the stator tip-region, which occupies about 20 span and nearly 1/3 pitch as shown in Fig. 18(b) . 
Discussion
The pitch angle of the airfoil-probe near the hub is relatively large, which plays an important role in the vortex development. This is the main reason that the airfoil-probe near the hub has the largest effects among the four airfoil-probes.
There are other factors which attribute to such condition. The blade loading of the stator leading-edge is relative large in the lower half span. The airfoil-probe installed at leading-edge can be regarded as a disturbance source. Therefore, the vortex near the hub develops very fast. While the blade loading of the leading-edge is relatively lower in the upper half span, the influence of the airfoil-probe near the tip region is smaller than that near the hub. In addition, the backward-step of the airfoil-probe is relatively larger at 6.5 span. Moreover, the vortex/boundary layer interactions in the corner region also increase the effects of the airfoil-probe near the hub.
Conclusions
1) The airfoil-probes have a negative influence on the compressor aerodynamic performance at all operating points.
2) The streamwise vortex is induced by the airfoil-probes in both sides of the blade. The influence of the vortex is increasing along streamwise direction, but the vortex decreases in intensity.
3) At the mid-operating point, the vortex is notable along the PS and is relatively smaller along the SS. At the near-stall condition, the vortex is suppressed in the PS, but becomes obvious in the SS.
4) A small local-separation is induced by the interactions between the vortex and the end-wall boundary layer in the corner region near the hub. 5) That the positive pitch angle of the airfoil-probe at 6.5 span is about 15° plays an important role in the vortex evolution near the hub. This is the main reason that the airfoil-probe near the hub has the largest effects among the four airfoil-probes.
6) The flow phenomenon, which is observed from the flow visualization, gives a deeper insight into the evolution of the vortex induced by airfoil-probe .
